Using the first-principles method based on the density functional theory (DFT), the work function of seven different GaN (0001) ð1 × 1Þ surface models is calculated. The calculation results show that the optimal ratio of Cs to O for activation is between 3∶1 and 4∶1. Then, Cs/O activation and stability testing experiments on reflection-mode negative electron affinity GaN photocathodes are performed. The surface model [GaN (Mg): Cs] Cs-O after being activated with cesium and oxygen is used. The experiment results illustrate that the adsorption of O contained in the residual gas increases the surface potential barrier and the reduction of the effective dipole quantity is the basic cause of the quantum efficiency decay.
With the rapid development of lithographic manufacturing and ultraviolet (UV) detection technology, a high performance UV photocathode is urgently needed [1] [2] [3] [4] [5] . A GaN-based photocathode is a new type of semiconductor material with the excellent characteristics of wide bandgap, low dielectric constant, corrosion resistance, high temperature resistance, and radiation resistance, so it has recently gained much interest among those who wish to use it in high power, optoelectronic, and microelectronic devices [6] [7] [8] . It has become an attractive candidate due to its stable physical and chemical properties, high quantum efficiency (QE), low dark current, and concentrative emitting electron energy distribution [9] [10] [11] . Because of the wide bandgap, GaN photocathodes are naturally "solar blind" and do not respond to visible light, so they have plenty of uses in the fields of UV detection, fire alarm technology, atmospheric monitoring, lithographic manufacture, and others. These areas require not only higher sensitivity and good emission properties but also the stability of the QE of the cathode. But the practical application has encountered a number of obstacles; the most important is a stable GaN photocathode in a vacuum system in nature, that is, the QE of the GaN photocathode attenuation problem in a vacuum system. To take full advantage of the excellent properties of a negative electron affinity (NEA) GaN photocathode, it is essential for researchers to study the reason for the QE decay, and thus improve its stability.
A GaN photocathode activated by Cs/O can reach a higher QE because of the NEA [12] [13] [14] [15] [16] , but after a while the adsorption of residual gases such as oxygen in a demountable vacuum system can act on the activated NEA surface and influence photocathode stability. How to well analyze the QE decay mechanism of the NEA GaN photocathode further becomes the important part of our study, and only knowing the reason why it declines can we better improve the QE of the photocathodes. From the studies of the NEA GaAs photocathode it can be found that the QE mainly depends on the performance of the material and the technique of preparation [17] . Wang et al. have studied the influence of the p-type doping concentration on the GaN photocathode, and the optimal concentration has been found [18] . In this Letter, we investigated and discussed the influence of residual gas on the QE after activation and optimized the preparation technology of the NEA GaN photocathode.
Calculations in this Letter are performed with the quantum mechanics program Cambridge Serial Total Energy Package (CASTEP) code [19] . The generalizedgradient approximation (GGA) parameterized by Perdew-Burke-Ernzerhof (PBE) is adopted to calculate the exchange-correlation energy. The Broyden-FletcherGoldfarb-Shanno (BFGS) algorithm [20] [21] [22] is used to relax the structure of the crystal model [23] . All calculations are carried out in reciprocal space and the atomic pseudopotentials, described by the ultra-soft pseudopotential, are generated from the following electronic configurations: Ga:3d 10 4s 2 4p 1 , N:2s 2 2p 3 , Cs:5s 2 5p 6 6s 1 , O:2s 2 2p 4 , and H:1s. The convergence parameters are set as follows: energy change below 2 × 10 6 eV∕atom, force less than 0.005 eV/nm, stress less than 0.05 GPa, and change in displacement less than 1 × 10 5 nm in an iterative process. The Brillouin zone integral is sampled with the Monkhorst-Pack mesh scheme and special k points of high symmetry. After a series of tests, the energy cutoff of the final sets of energies is set as 400 eV and the number of k points [24] for a GaN (0001) surface is set as 6 × 6 × 1.
As depicted in Fig. 1 , the surface slab models are modelled [23] with six GaN layers to simulate a GaN (0001) ð1 × 1Þ surface. Seven different adsorption models are built to verify whether the amount of Cs or O is enough for the activation process. To prevent the transfer of surface charges and remove the artificial surface-related quantum states from the vicinity of the Fermi level the dangling bonds on the back surface are saturated with a layer of fractionally charged ðZ ¼ 0.75Þ [25] hydrogen-like pseudo atoms. Since the slab model entails the existence of the dipole [25] , a self-consistent dipole correction is performed to compensate for the dipole. The top three layers of the GaN (0001) slab model are relaxed freely and the bottom three layers are fixed. A vacuum thickness of 1.5 nm is used to avoid interaction between repeated slabs.
Before starting the surface model calculations we first optimized the clean bulk GaN surface. The lattice parameters using the experimental value can be described by
where c∕a ¼ 1.626. After optimization, the lattice constants are a ¼ b ¼ 0.32805 and c ¼ 0.50103, which are in good agreement with the experimental values, indicating the correctness of the current calculation method [26] . Different surface models of ð1 × 1Þ GaN (0001) were built. Based on first-principle calculations, the adsorptions and work functions were obtained and listed in Table 1 .
The adsorption energies E ads of different surface models are all positive, showing that it is an endothermic process and the adsorbed system is not stable. But it can be concluded that model (b), model (e), and model (f) are more relatively stable in energy when compared to other models.
The photoemission of NEA photocathodes is described as a three-step process of optical absorption in a bulk, electron transport from the bulk to the surface, and escape across the surface into a vacuum by Spicer in 1958 [27] ; the third step mainly depends on the work function. For semiconductors, the work function is defined as the minimum energy that electrons of a crystal require to escape into a vacuum, and can be calculated by [28] φ
where E vacuum is the energy level of the vacuum and E f is the Fermi level of every surface. The ionization energy mentioned in Ref. [29] was defined as the energy that the photoelectron needed to escape from the bulk to the vacuum and the work function was defined as the energy difference between the E vacuum and the E f in Eq. (1). According to the definitions, theoretically, the work function ought to be slightly less than the ionization energy. The ionization energy of the clean undoped GaN surface is 4.9 eV in the experiment. The values of the surface work function are shown in Table 1 . The work function value of different surface models is calculated and analyzed. In Table 1 , the work function value of the clean GaN (0001) surface is 4.18 eV, which is slightly less than the ionization energy and in keeping with the theory conclusion. Therefore, the calculated values of the work function are reliable.
As shown in Table 1 , when one Cs atom is adsorbed on the ð1 × 1Þ GaN (0001) surface, the calculated work function is 2.52 eV after free relaxation, which is lower than the clean ð1 × 1Þ GaN (0001) surface mainly because the electronegativity of the Ga atom is larger than that of the Cs atom, and thus the Cs atom is losing electrons that are moving to the Ga atom. Then, another Cs atom is adsorbed on top of the surface of model (b) and the value of the work function is 2.59 eV after relaxation, which rises slightly compared to model (b). The main reason is that with the increase of Cs coverage electrons move from the surface of the Ga atom to the first adsorption layer of the Cs atom, thus causing the surface dipole to slightly increase and further leading to adsorption unstability. On the basis of model (c), one additional oxygen atom is admitted onto the top of the GaN (0001)-Cs-Cs surface; after relaxation, the value of the work function is 6.49 eV, which is 3.9 eV larger than for model (c). This is mainly because the electronegativity of a Cs atom is smaller than that of an O atom, thus the Cs atom losing electrons becomes positive and the O atom obtaining electrons becomes negative, and surface dipole moments form following this interaction. The O atom and the second adsorption Cs atom formed a downward dipole moment, which weakened the original dipole moment, thus causing the work In summary, we can draw the conclusion that the optimal ratio of Cs to O for activation is between 3∶1 and 4∶1, which lowers the work function and promotes photoemission. But excess O modules increase the work function and undermine the photocathode, which is not beneficial for the stability of photocathodes.
Variations of the photocurrent during the Cs/O activation process and the stability of the GaN photocathode are tested and investigated. As depicted in Fig. 2 O ¼ 2∶2∶1 for 10 min, the sample was transferred into an ultra-high vacuum (UHV) chamber with a base pressure of less than 1 × 10 7 Pa and heated to remove the surface contamination such as carbon and oxides. The heat cleaning was performed on the back side of the sample by thermal irradiation from a halogen tungsten filament lamp and the temperature was measured by a thermocouple. The sample was heated at a temperature of about 710°C for 20 min. When the sample cooled down to room temperature, Cs/O activation was performed in the UHV chamber in which the cesium source was kept continuous and the oxygen source was introduced periodically [30, 31] . During the activation process, the photocurrent was controlled and monitored by a multi-information online monitoring system established by ourselves [32, 33] . The photocurrent appears after 3 min of activation. The photocurrent increases with the increase of the Cs flux. The value of the photocurrent reaches the first peak ðtime ¼ 26 minÞ of 1.55 μA; after the peak value, the photocurrent does not rise again. Then, the O flux enters and the photocurrent begins to rise slightly. The Cs/O activation process ends at the time of 52 min and the photocurrent is still unchanged until the time of 80 min. 80 min later the photocurrent decreases greatly and almost returns to the intrinsic value, which is caused by the UV light source turning off. When we turn on the UV light source again the photocurrent is back to the value of 80 min, indicating that the GaN photocathode has a higher performance with superior stability.
To better understand the QE decay mechanism of the NEA GaN photocathode, the cathode QE curve in situ was tested after the Cs/O activation process completed. Then the sample was placed in a vacuum chamber for 6 h and the QE curve in situ was also tested and compared with the original curve 6 h later. As depicted in Fig. 3 , after 6 h of decay there was an overall decline in the QE curves and the QE of the cathode produced a significant attenuation. The short wavelength region dropped down by a smaller amplitude, but the long-wavelength region dropped down by a larger extent. The loss of QE in the short-wavelength region is less than that in the longwavelength region QE, indicating that with the wavelength increasing the loss of QE increased.
According to the research of Machuca [34] , as time went on the QE of the GaN photocathode was in constant attenuation and the QE decreased to 20% of the original value. The main reason for the QE decay is that the degree of vacuum was declining, which is consistent with our experiments. The positive terminal side of the equivalent dipoles points to the vacuum layer, which is a benefit for the electrons escaping from the surface. Combined with the theory calculation results, we can demonstrate the conclusions that excess O modules increased the work function and destroyed the degree of vacuum, which leads to the QE decay [35] . The adsorption of O contained in the residual gas increases the surface potential barrier. By supplying additional Cs flux at the end of the cathode activation process, the degradation rate can be reduced and the stability of the activated photocathodes can thus be enhanced. In addition, according to Ref. [36] , the vacuum pressure is crucial and the cathode lifetime can be extended by an order of magnitude if the vacuum pressure is improved by an order of magnitude.
Above all, during the QE decay process, after successful activation the GaN cathode is easily affected by the surrounding impurities, especially oxygen and the oxygencontaining impurities adsorbed on the surface of the active layer. At the same time, the Cs desorption phenomenon in the active layer can also occur. These effects damage the formation of dipoles in the active layer, thus causing the effective electron emitting dipole to decrease greatly. The decreased amount of equivalent dipoles will significantly reduce the QE of the cathode and lead to a decrease in sensitivity.
In conclusion, based on the first-principle density functional theory, seven different adsorption models are built to verify whether the amount of Cs or O is enough for the activation process. The calculation results show that the optimal ratio of Cs to O for activation is between 3∶1 and 4∶1, which lowers the work function and promotes photoemission. Excess O modules increase the work function and undermine the photocathode, which is not beneficial for the stability of photocathodes. Cs/O activation and stability testing experiments on the reflection-mode NEA GaN photocathode are performed. Variations of the photocurrent during the Cs/O activation process and the stability of the GaN photocathode are tested and investigated. The experiment results illustrate that the adsorption of O contained in the residual gas increases the surface potential barrier and the reduction of the effective dipole quantity is the basic reason for QE decay. A combination of theoretical calculation with experimental analysis methods can help to study well and optimize the QE decay mechanism of GaN photocathodes and QE recovery in future research. 
